Introduction {#S1}
============

The oxidative phosphorylation pathway (OXPHOS) is the principal energy generating system in animals. Its composition is unique in combining both nuclear and mitochondrial encoded proteins, and the pathway is highly conserved in insects and vertebrates ([@R35]). At the same time there is growing evidence that hybrids between closely related species suffer from a reduction in their OXPHOS pathway efficiency, indicating an accumulation of incompatible substitutions in nuclear and mitochondrial encoded OXPHOS genes between even closely related species ([@R14]; [@R16]; [@R36]). We set out to assess the hypothesis that positive selection has guided the evolutionary changes found in this otherwise highly conserved pathway.

Mitochondria, in which oxidative phosphorylation occurs, are organelles that are likely derived from a single bacterial endosymbiont ancestor ([@R18]). While this ancestor is assumed to have contained between 3,000 and 5,000 genes ([@R6]), mitochondrial genomes harbor only a fraction of these, typically less than 100 ([@R3]). The majority of these presumably have been lost because they were no longer required within the eukaryotic environment. The function of others, however, has been maintained through translocation to the nuclear genome or by exaptation of existing nuclear genes for functions within the mitochondria, followed by a deletion of the functionally corresponding mitochondrial genes ([@R36], [@R19]). Over 1,000 nuclear genes have been estimated to encode proteins that are targeted to the mitochondria ([@R9]). As a result, mitochondria critically depend in their function on the proper and tight interaction of both nuclear and mitochondrial gene products.

Research on xenomitochondrial cybrid cells (i.e., chimeric cells with a nucleus and mitochondria from two different species) from primate and murid species provided direct evidence for the disruption of mitochondrial functions due to nuclear-cytoplasmic ("cytonuclear") incompatibility ([@R26]; [@R25]; [@R29]). The severity of the disruption was thereby found to positively correlate with the divergence time of the analyzed species. Cytonuclear incompatibility has indeed not only been found in hybrid individuals from crosses between species (i.e., *Drosophila*, [@R37]; *Nasonia*, [@R32]; [@R16]), but also from crosses between diverged populations of the same species (i.e.,*Drosophila simulans*, [@R37]; *Tigriopus californicus*, [@R14], [@R15]). For this and other reasons, cytonuclear genic incompatibility has been implicated as an important postzygotic barrier to hybridization ([@R37]; [@R15]; [@R16]).

The OXPHOS pathway is a prime candidate for cytonuclear genic incompatibilities, given that four of its five complexes (i.e., I, III, IV, and ATPase) are composed of subunits from both the nuclear and mitochondrial genomes ([@R5]; [@R36]). In vertebrates as well as insects, all 13 protein coding genes found in the mitochondrial genome are involved in the OXPHOS pathway. This pathway shows reduced ATP generation capacities in interpopulation hybrids of the copepod *Tigriopus californicus* as well as in interspecific hybrids of *Drosophila*, and most recently, in those of the parasitoid wasp *Nasonia* ([@R37]; [@R14]; [@R16]). Because ATP is the primary source of energy for cellular processes, these hybrids likely have a reduced fitness due to their deficit of energy. [@R7] found that interspecific hybrid males of *Nasonia giraulti* and *Nasonia vitripennis* indeed exhibit significantly increased mortality (i.e., F~2~ hybrid breakdown) during larval development, a process that has high energetic demands. [@R32] mapped four loci in the nuclear genome of these hybrids that are incompatible with an allospecific cytoplasm and that account for a major fraction of the observed hybrid mortality. Finally, [@R16] measured OXPHOS enzyme efficiency in *Nasonia* F~2~ hybrid males directly and found that they have a significantly reduced efficiency relative to the parental species in each OXPHOS complex except for complex II, which contains only nuclear encoded subunits.

Given that there are far more possibilities for genic incompatibilities to exist between nuclear genes than between nuclear and mitochondrial genes, why do cytonuclear genic incompatibilities seem to play a major role in the early evolution of postzygotic reproductive isolation? One reason could be the fundamentally different way that the nuclear and mitochondrial genomes are processed and transmitted during reproduction. The nuclear genome is, with the notable exception of the sex chromosomes, inherited from both parents with recombination during meiosis, while the mitochondrial genome is usually exclusively maternally inherited and non-recombining (e.g. [@R23]; [@R4]; but see male inheritance in mussels, [@R45]). As a consequence, the mitochondrial genome has a theoretically smaller effective population size than the nuclear genome, which significantly reduces the efficacy of natural selection on nucleotide substitutions in the mitochondrial genome ([@R36]). For this and other reasons (e.g., higher risk of oxidative damage), the mitochondrial genome tends to accumulate nucleotide substitutions at a higher rate than the nuclear genome ([@R30]). In the genus *Nasonia,* for example, the substitution rate for mitochondrial genes is, on average, estimated to be approximately 30 times higher than that of nuclear genes ([@R34]).

It has been hypothesized that the accumulation of slightly deleterious nucleotide substitutions in the mitochondrial genome leads to positive selection for compensatory nucleotide substitutions in the nuclear genome to maintain mitochondrial functionality ([@R36]). If there are nuclear genes of the OXPHOS pathway that compensate for deleterious changes in the mitochondrial encoded OXPHOS genes with which they interact, we would expect to find evidence for positive selection in these nuclear encoded OXPHOS genes. However, to the best of our knowledge there is no study published in which such an analysis has been conducted.

*Nasonia* is a good model in which to begin the assessment of the role of positive selection in compensating for the accumulation of slightly deleterious nucleotide substitutions in mitochondrial encoded OXPHOS genes for several reasons. First, only the OXPHOS complexes composed of both nuclear and mitochondrial encoded genes show reduced efficiency in (haploid) F~2~ hybrid males relative to (haploid) males of the parental species ([@R16]). Second, we can utilize the newly sequenced genomes of the genus *Nasonia* ([@R41]) to annotate the nuclear encoded genes of the OXPHOS pathway in *N. vitripennis*, *N. giraulti*, and *N. longicornis*. Third, the incompatibility leading to hybrid breakdown in *Nasonia* has been mapped to regions of the genome ([@R32]), allowing us to narrow down candidate genes that are potentially involved in the incompatibility.

In comparing the *Nasonia* nuclear encoded OXPHOS genes with orthologs from other holometabolous insects ([@R35]), we here exploit the evolutionary divergence between these taxa to search for positively selected amino acid sites by analyzing the ratio of nonsynonymous (amino acid replacing) to synonymous (silent) substitutions (*ω*). Given the high functional constraint on genes that is typically seen in this pathway, we would expect to find high levels of historical purifying selection on the OXPHOS amino acid sequences. In addition, historical compensatory evolution in this pathway is not expected to target all genes, but rather, due to the tight and localized interaction of nuclear and mitochondrial genes, that adaptation has occurred at potentially only a few candidates. Therefore, only a few genes are expected to exhibit such signatures of positive selection, and thus, any signs of adaptation would be interpreted as significant in light of this highly conserved pathway. Further utilizing this divergence, we examine evolutionary constraint on individual amino acid sites in genes of the OXPHOS pathway across the holometabolous insects. We then identify substitutions at these sites within the three *Nasonia* species that violate this constraint and therefore may impact the protein structure and ultimately the function of the gene. The obtained data enable us to assess the hypothesis that positive selection has guided some of the evolutionary changes in the nuclear genes of the OXPHOS pathway. They also allow us to provide a list of candidate genes that are potentially involved in F~2~ hybrid breakdown in *Nasonia* and that will set the stage for future model studies addressing the role of co-adaptation between nuclear and mitochondrial genes for the evolution of intrinsic postzygotic reproductive isolation in this species group.

Methods {#S2}
=======

Annotation of nuclear encoded OXPHOS genes in Nasonia {#S3}
-----------------------------------------------------

For each nuclear encoded gene of the five OXPHOS complexes, we obtained the *Drosophila melanogaster* protein sequence from the MitoDrome database ([@R12]; <http://www2.ba.itb.cnr.it/MitoDrome/>). These sequences were used as queries to search the *Nasonia* genome assembly 1.0 ([@R41]) using the program TBLASTN and applying the SEG filter for low complexity sequences ([@R1]). The predicted gene models from the National Center for Biotechnology Information databases (NCBI RefSeq and/or NCBI *ab initio*) with the highest similarity for a given OXPHOS gene was then manually annotated using the APOLLO genome annotation curation tool ([@R28]). Intron-exon boundaries, start and stop sites, and 5′ and 3′ untranslated regions (UTRs) were confirmed or updated based on expressed sequence tags (EST) from the three sequenced *Nasonia* species (i.e., *N. vitripennis*, *N. giraulti*, and *N. longicornis*; [@R41]). We also considered NCBI-curated EST data from three additional Hymenoptera taxa (i.e., *Vespula squamosa, Lysiphelbus testaceipes*, and *Solenopsis invicta*) as well as Swissprot curated protein sequences from the honey bee (*Apis mellifera*), *Drosophila melanogaster*, and the red flour beetle (*Tribolium castaneum*).

The *N. vitripennis* DNA sequences of annotated OXPHOS genes ([Supp I](#SD1){ref-type="supplementary-material"}) were used as queries to search the *N. giraulti* and *N. longicornis* NCBI trace sequence archives with the program BLASTN, applying an *E* value cutoff of 10^−10^ ([@R1]). The orthologous DNA sequences from *N. giraulti* and *N. longicornis* were manually aligned to the *N. vitripennis* sequences with the aid of BioEdit ([@R21]). In addition, we considered pre-aligned 45-bp long Illumina short-read sequences from *N. giraulti* and *N. longicornis* from the *Nasonia* genome sequencing project ([@R41]). The coordinates of the start and stop codon sites, as well as the intron/exon boundaries of the OXPHOS genes annotated in *N. vitripennis* were used to trim the corresponding *N. giraulti* and *N. longicornis* sequences. All alignments were visually checked for inconsistencies between the trace and the short-read sequences for both *N. giraulti* and *N. longicornis*. In cases where short-read and trace sequences were contradictory at a single site, the nucleotide with the majority of support (i.e., present in larger number of short-read/trace sequences) was assigned. If equal support was found for contradictory nucleotides, the nucleotide site was considered ambiguous.

OXPHOS gene sequences from other holometabolous insects {#S4}
-------------------------------------------------------

Coding sequences of the nuclear encoded OXPHOS genes from *Anopheles gambiae, Aedes aegypti*, Drosophila melanogaster, Bombyx mori, Apis mellifera and *Tribolium castaneum* were obtained from the MitoComp2 database ([@R35]; <http://www.mitocomp.uniba.it/>). These sequences were translated and aligned to the orthologus amino acid sequences of *N. vitripennis, N. giraulti*, and *N. longicornis* with the program CLUSTAL W ([@R40]), employing the BLOSUM62 substitution matrix. The alignment of the corresponding coding sequences was deduced from the amino acid sequence alignments. To ensure that all analyses are based on the same amount of sequence information, we excluded gene alignments for which the OXPHOS gene sequence of one or more taxa was missing. If genes had multiple transcripts in a given species, we considered only the transcript with the highest number of conserved nucleotides (to be conservative in subsequent analyses involving tests for positive selection). The exception to this was if multiple transcripts for a gene were found across all studied holometabolous insects, in which case the transcripts were retained in *Nasonia*.

To ensure comparable data analyses, and to remain conservative in subsequent tests for positive selection, we applied several criteria to remove highly divergent sequences: we manually edited the alignments in BioEdit, removing unalignable N- and C- termini up to the first set of completely conserved amino acid residues. Similarly, if any amino acid residue within the remaining sequence was missing or ambiguous in any species or not reliably aligned across all taxa, that residue was removed from all sequences (unedited alignments are available upon request). Finally the resulting gene alignments were concatenated into a single dataset and the position of each gene was recorded as a code sequence (using a-z, A-P, R-Z, 0 and 1, see [Supp. I & II](#SD1){ref-type="supplementary-material"}) to facilitate identification of the genes after concatenation. The results reported here are from this concatenation of genes instead of examining them on a simple single gene-by-gene model. This was done because many of these genes are short (e.g., 40% are less than 100 amino acids in length) and thus, parameters such as codon frequencies and neutral substitution rates can have large variances, which can greatly impact the power of a likelihood analysis, leading to erroneous acceptance of the null hypothesis ([@R2]). The concatenation enabled us to estimate these parameters globally to identify patterns in the independent genes and provide us with more statistical power to evaluate the null hypothesis.

Test for positive selection {#S5}
---------------------------

To assess the impact of positive selection on the evolution of the nuclear encoded OXPHOS genes, we examined the ratio of nonsynonymous (amino acid replacing) substitutions per nonsynonymous site to synonymous (silent) substitutions per synonymous site (*ω*) with the codon-based maximum-likelihood method (codeml) proposed by [@R17] and implemented in the software package PAML 4 ([@R43]). We performed this analysis on the sequences of the distantly related holometabolous insects to increase the power of the test in order to determine whether historical positive selection has acted on any of the genes in this pathway. We applied the site models M7 and M8, accounting for transitional rate bias (*κ* estimated) and unequal codon frequencies (F3×4 matrix), and assessed the differences in their likelihood values with the aid of a likelihood ratio test (df = 2). The M7 model assumes a beta distribution of *ω* values ranging from 0 to 1 (i.e. no positive selection allowed). The M8 model also assumes a beta distribution of *ω* values, but includes an additional *ω* class with values \> 1 (i.e. positive selection allowed). For both models, we tested a wide range of start parameters for *ω* (0.01-5.0) and *κ* (0.5-5.0). Both models require a tree topology, which specifies the phylogenetic relationships between the investigated taxa and which we inferred from the amino acid sequence data in a maximum likelihood framework using the program phyML ([@R20]). We applied three different empirical models of amino acid substitution: JTT ([@R24]), Dayhoff ([@R11]), and WAG ([@R42]). Substitution rate heterogeneity was approximated using a discrete gamma distribution with four categories. We obtained the same topology for all three substitution models, which proved to be consistent with the phylogeny of the holometabolous insects hypothesized by [@R38]. The posterior probabilities of individual sites belonging to the class *ω* \> 1 was calculated using the Bayes empirical Bayes approach implemented in PAML ([@R44])

Mapping of nuclear-encoded OXPHOS genes {#S6}
---------------------------------------

We assessed the possibility that nuclear-encoded OXPHOS genes play a role in cytonuclear genic incompatibility by comparing their position in the *Nasonia* genome relative to previously identified transmission ratio distorting loci (TRDL; [@R32]). We mapped nuclear encoded OXPHOS genes to chromosomes of *Nasonia* using positional information from a published high-density linkage map for *Nasonia* ([@R33]).

Amino acid substitutions in nuclear encoded OXPHOS genes {#S7}
--------------------------------------------------------

We used the program MAPP ([@R39]) to assess the potential negative impact of amino acid replacements in the nuclear encoded genes of the OXPHOS pathway in *Nasonia*. The program calculates the physicochemical constraints at each amino acid position based on the observed distribution of amino acids across distantly related taxa and then generates an impact score and an associated *p* value for every potential amino acid substitution. The impact scores are based on the prior distribution (found across many evolutionarily diverged taxa) of physicochemical properties at each amino acid site (i.e. evolutionary constraint), with higher impact scores resulting from greater violations of this constraint ([@R39]). We again utilized the evolutionary divergence of the holometabolous insects by using MAPP to calculate the evolutionary constraint at each studied amino acid site in the OXPHOS pathway. The substitutions found within *Nasonia* were then compared with the calculated impact score for each amino acid.

Results {#S8}
=======

OXPHOS Gene Annotation in Nasonia {#S9}
---------------------------------

We identified 59 of the 65 OXPHOS pathway subunit genes known from *Drosophila* (MitoDrome database; [@R12]) in the *Nasonia* genome ([Table 1](#T1){ref-type="table"}; [Supp. I](#SD1){ref-type="supplementary-material"}). It is possible that the remaining genes were not identified because our conservative search strategy parameters did not allow us to reliably identify orthologs that have rapidly diverged. For 9 of the 59 genes (i.e., two of complex I, two of complex III, and five of complex IV), EST data suggested alternate transcripts ([Table 1](#T1){ref-type="table"}; [Supp. I](#SD1){ref-type="supplementary-material"}, [@R41]). Utilizing the high-density linkage map for *Nasonia* ([@R33]), we were able to map 56 of the 59 identified nuclear-encoded OXPHOS genes in the *Nasonia* genome ([Fig. 1](#F1){ref-type="fig"}, [Supp. I](#SD1){ref-type="supplementary-material"}).

Test for Positive Selection {#S10}
---------------------------

After removing OXPHOS genes for which we were missing sequences in one or more taxa, the concatenated sequence alignment included 53 of the 59 nuclear encoded OXPHOS genes identified in *Nasonia*, composed of a total of 8,739 codons ([Supp. II](#SD1){ref-type="supplementary-material"}). The likelihood ratio test indicated a significantly better fit of the M8 sites model, which accounts for positive selection, than the M7 model to the holometabolous insect dataset (−2 *log* Δ = 8.491, df = 2, *p* = 0.011). Bayes empirical Bayes revealed four genes ([Table 2](#T2){ref-type="table"}, [Fig 1](#F1){ref-type="fig"}, [Supp. III](#SD1){ref-type="supplementary-material"}) containing sites with posterior probability values \>80%, corresponding with *ω* values \>1 when accounting for the standard error.

When we examined patterns of divergence on a gene-by-gene basis in comparison with the concatenated dataset (using models M7 and M8, results not shown), only one of the four genes previously identified (51 KDA subunit) still showed a significant likelihood ratio test. However, as previously discussed, this is expected given that the power of the likelihood ratio test is greatly decreased when using shorter sequences ([@R2]). Similarly, we also evaluated the effect of divergence time on our results. For this purpose we performed an analysis of ω for each branch of the tree (using the branch model (model=1) in PAML, [Supp. IV](#SD1){ref-type="supplementary-material"}), which indicated that variation in dS associated with recent vs. deeper divergence times does not explain the significant estimates of dN/dS in our dataset.

Analyses of Amino Acid Substitution Patterns {#S11}
--------------------------------------------

Of the 56 mapped OXPHOS subunit genes, we found that within *Nasonia,* 36 genes contain amino acid substitutions. Of these 36 genes, 22 were located within or near the estimated position of previously identified TRDL ([Fig. 1](#F1){ref-type="fig"}; [@R32]). Since the four TRDL had been identified in hybrids of *N. giraulti* and *N. vitripennis*, we subsequently restricted our analysis to amino acid substitutions between these two species. This resulted in the examination of 53 amino acid substitutions found in 19 genes. The MAPP analysis assigned a statistically significant impact score to 17 of these amino acid substitutions across 9 of the 19 genes located near TRDL ([Table 2](#T2){ref-type="table"}, [Fig 1](#F1){ref-type="fig"}, [Supp. V](#SD1){ref-type="supplementary-material"}).

Discussion {#S12}
==========

[@R13] and [@R31] envisioned the evolution of intrinsic postzygotic reproductive isolation as a consequence of the incompatibility of interacting genes that have diverged between taxa (e.g., [@R8]). These interactions are not limited to nuclear genes, but can include mitochondrial genes as well. A prime candidate for the evolution of genic incompatibility between nuclear and mitochondrial genes is the OXPHOS pathway, whose enzyme complexes are composed of both nuclear and mitochondrial encoded gene products. While the pathway itself is highly conserved across taxa in respect to both the number and the function of involved genes, the accumulation of slightly deleterious nucleotide substitutions in the non-recombining mitochondrial genome seems to quickly lead to an array of divergent mitochondrial OXPHOS gene variants (e.g. [@R34]). One possible explanation for the maintenance of these variants, and thus overall OXPHOS functionality, is compensatory selection in nuclear encoded OXPHOS genes, which may also result in the rapid divergence of these particular genes. As a result, genic incompatibilities are expected to quickly develop between nuclear and mitochondrial genes that evolve independently from each other in individuals from different populations and species. Cytonuclear genic incompatibility thus may play a significant role in incipient speciation. It is this aspect that makes the OXPHOS pathway a particularly attractive model to study the co-evolutionary dynamics of nuclear and mitochondrial encoded genes.

Our analysis of the substitution pattern in 53 nuclear encoded OXPHOS genes across nine holometabolous insect species finds that an evolutionary model that accounts for positive selection fits the substitution pattern in the nuclear genes of the OXPHOS pathway significantly better than one that does not. It should be noted that our gene sample is not a random one with respect to the genome in general, in which case we may expect that a large sampling would include a certain proportion reflecting different constraints, i.e., classes of genes each evolving under neutral, positive, and purifying selection. Instead, our sample of genes here is selected with respect to a specific hypothesis regarding selective constraints on OXPHOS genes, which have been shown to be highly conserved ([@R35]). This premise, together with our likelihood modeling, implies that the patterns of elevated divergence are not well explained by simply neutrality or sampling variance (i.e., "chance"), but may represent potential candidates for positively selected genes.

Given this rationale, the observation of even a few genes exhibiting significantly elevated divergence would be surprising without an a priori hypothesis providing an explanation for diverged genes in a conserved pathway. It is possible that our data are consistent with the hypothesis that nuclear genes of the OXPHOS pathway compensate for the accumulation of slightly deleterious nucleotide substitutions in their mitochondrial counterparts. While this is one potential explanation, it is clearly not the only one that may explain elevated divergence and patterns of positive selection, especially since many of the genes still show strong patterns of purifying selection. Thus, it is clear that further studies are needed to distinguish among these competing alternative hypotheses.

It is also possible that the *ω* value of 2.44 for sites estimated by PAML to be under positive selection (site class −11; [Supp. III](#SD1){ref-type="supplementary-material"}) could be considered as a low estimate. First, we are missing six OXPHOS pathway genes in our analysis that are known from *Drosophila*. While we cannot exclude the possibility that these genes are not present in *Nasonia* (or in the *Nasonia* genome assembly), it is possible that we did not recognize them because they are sufficiently divergent from their *Drosophila* orthologs. We also excluded six genes for which we were missing orthologous sequences in one or more taxa of the dataset other than *Nasonia*. These genes could likewise be absent from those datasets because they evolve rapidly. Finally, we discarded sequence sections from the alignment that could not be reliably aligned across all taxa, because they seemingly have diverged sufficiently to preclude meaningful analysis. Overall, these measures resulted in a relatively conservative analysis that removed genes that may be undergoing rapid sequence evolution and may be erroneously interpreted as positive selection.

Our analysis resulted in the identification of four candidate genes that show patterns of significantly elevated divergence across holometabolous insects ([Fig. 1](#F1){ref-type="fig"}, [Table 2](#T2){ref-type="table"}, [Supp. V](#SD1){ref-type="supplementary-material"}). In addition to the conservative data-trimming measures outlined above, we also expect that this set of genes is further reduced in number given that the estimates of *ω* are averaged across many lineages because our analysis involved multiple taxa that diverged, in some cases, \> 300 million years ago ([@R27]). We would not expect the same sites to be selected in all lineages, and thus, the number of sites suggested here by PAML to be under positive selection could conservatively also be considered as a low estimate. It should be noted that these results indicate that positive selection may potentially act on the nuclear OXPHOS genes, but the current methods are not able to determine which lineages are responsible for these elevated divergence estimates. As a result, this analysis provides an initial view of the gene and protein subunit regions that reflect long-term evolutionary changes in the OXPHOS pathway among holometabolous insects.

Due to the breadth of the previous analysis, our MAPP results are likely more informative for comparisons within *Nasonia*, which indicate amino acid changes that are predicted to have a significant impact on the encoded protein. We found that 53 of the amino acid substitutions in our comparison between *N. giraulti* and *N. vitripennis* took place in OXPHOS genes that are within the confidence intervals that [@R32] provided for the position of incompatibility loci in the nuclear genome of *Nasonia* ([Fig. 1](#F1){ref-type="fig"}, [Table 2](#T2){ref-type="table"}, [Supp. V](#SD1){ref-type="supplementary-material"}). Because these intervals do reflect a large proportion of the overall genomic content, the fact that many of our genes reside within or near these TRDL reflects only a preliminary inspection of their actual link to hybrid incompatibility. Nonetheless, the combination of the present data with those published by [@R32] does narrow the list of candidate genes for additional hypothesis testing. For example, although *N. giraulti* and *N. vitripennis* have split very recently, with an estimated divergence time of approximately one million years ([@R10]), they have already accumulated substantial protein changes in the otherwise highly conserved nuclear OXPHOS genes that could potentially result in hybrid cytonuclear incompatibilities.

This substitution pattern is even more impressive given that despite our conservative approach, the MAPP analysis predicts that over 30% of the 53 amino acid substitutions located at TRDL may impact protein structures. The possibility remains that this substitution pattern could be the result of relaxed purifying selection due to reduced effective population sizes, especially for the mitochondrial genome. This could lead to deleterious substitutions in both nuclear and mitochondrial genes that could produce the observed hybrid breakdown in Nasonia analogous to synthetic lethals ([@R22]). However, a reduced effective population size and reduced selection efficacy would be expected to impact all genes similarly (with some stochastic variance aside). Thus, it is not readily obvious why only certain genes would be subjected to relaxed selection while others show strong purifying selection. Nonetheless, further studies that examine within population diversity and recent evolutionary changes in selective constraints at these genes may address this question in distinguishing between competing selection models.

Based on the present results, it appears possible that some of the genes and possibly even single amino acid residues identified here are involved in the observed F~2~ hybrid breakdown in *Nasonia*. We speculate that these loci may reflect "speciation gene" or even "speciation site" candidates. The *Nasonia* model system will allow us to test the phenotypic effects of these amino acid substitutions in more detail through future studies. This is one of the more attractive aspects of our study on *Nasonia*; that is, identifying genes and specific sites with statistically elevated divergence and potential signatures of positive selection is much more compelling when their functional effects can be further validated *in vivo*. This combination of statistical and functional approaches is likely to provide new insights into the intimate interactions of mitochondrial and nuclear gene products that form the genetic basis of intrinsic postzygotic reproductive isolation in *Nasonia* and other species. This may also lead to a better understanding of the functioning of the OXPHOS system and the genetics of speciation.
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![Co-localization of OXPHOS genes and cytonuclear incompatibility loci within *Nasonia*\
*Nasonia* linkage map adapted from Niehuis *et al*. (2009). The leftmost scale shows the genetic distance in centimorgans. The horizontal bars in each chromosome (1.01-5.51) represent groups of markers showing no recombination between them, while the space between bars represents recombination. Dark gradient bars to the right of the chromosomes represent incompatibility loci identified by Niehuis *et al*. (2008); question marks designate locus boundaries that are unclear due to recent expansions of the ends of the linkage groups on the linkage map. The columns to the right of the chromosomes designate the complex (I-V) of each OXPHOS gene.\
Empty arrows = genes with amino acid substitutions with non-significant impact scores.\
Filled arrows = genes with amino acid substitutions predicted to significantly disrupt protein structure in *Nasonia*.\
stars = genes containing sites that show the signature of positive selection (*ω* \> 1).](nihms-157914-f0001){#F1}

###### 

Annotated nuclear OXPHOS genes across different complexes.

              Number of Genes        
  ----------- ----------------- ---- --------------
  **I**       27                31   2 (2)
  **II**      4                 4    0
  **III**     9                 9    0
  **IV**      6                 8    2 (2)
  **V**       13                13   4 (2), 1 (4)
  **Total**   59                65   8 (2), 1 (4)

Number of *Nasonia* genes identified is the result of comparisons with *Drosophila* OXPHOS gene alignments (see Methods).

Number of genes identified from EST data with alternate transcripts in *Nasonia*, with the number of alternate transcripts shown in parentheses.

###### 

Nuclear OXPHOS genes showing patterns of elevated divergence and amino acid substitutions with potentially disruptive effects on protein structure.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Gene Name             Complex   Position             P.P.\                                       Amino acid\                                          Residue[3](#TFN5){ref-type="table-fn"}                               
                                                       (ω +/− SE)[1](#TFN3){ref-type="table-fn"}   replacement impact\                                                                                                       
                                                                                                   (*N. vit/ N. gir) [2](#TFN4){ref-type="table-fn"}*                                                                        
  --------------------- --------- -------------------- ------------------------------------------- ---------------------------------------------------- ---------------------------------------- --- --- --- --- --- --- --- ---
  39 KDA SUBUNIT        1         316                  0.913\                                      n.s.                                                 P                                        P   A   I   H   H   Y   L   T
                                                       (1.424 +/−\                                                                                                                                                           
                                                       0.252)                                                                                                                                                                

  51 KDA SUBUNIT        1         415                  0.837\                                      n.s.                                                 N                                        N   S   A   E   R   S   A   K
                                                       (1.355 +/−\                                                                                                                                                           
                                                       0.337)                                                                                                                                                                

  CORE PROTEIN 2        3         305                  0.838\                                      n.s.                                                 L                                        L   L   L   V   A   V   L   V
                                                       (1.356 +/−\                                                                                                                                                           
                                                       0.334)                                                                                                                                                                

  51                    n.s.      0.005 / \< 0.001     R                                           R                                                    H                                        C   N   N   T   T   N       

  277                   n.s.      0.010 / 0.680        Q                                           Q                                                    E                                        F   K   V   K   Q   K       

  D CHAIN               5         123                  0.879\                                      n.s.                                                 K                                        K   R   S   R   Y   K   R   R
                                                       (1.390 +/−\                                                                                                                                                           
                                                       0.302)                                                                                                                                                                

  89                    n.s.      0.460 / 0.022        V                                           A                                                    A                                        K   E   A   D   E   E       

  102                   n.s.      0.455 / 0.029        T                                           A                                                    A                                        A   S   A   S   A   Q       

  30 KDA SUBUNIT        1         166                  n.s.                                        0.949 / 0.003                                        T                                        T   A   A   A   A   A   A   A

  B12 SUBUNIT           1         5                    n.s.                                        \< 0.001 / \<0.001                                   E                                        E   K   P   P   P   P   P   P

  15                    n.s.      0.902 / \< 0.001     E                                           E                                                    A                                        A   A   A   A   A   G       

  CYT B SMALL SUBUNIT   2         47                   n.s.                                        0.040 / 0.978                                        V                                        V   L   T   V   V   T   T   V

  CYT B560 SUBUNIT      2         75                   n.s.                                        0.002 / 0.949                                        A                                        A   V   A   A   A   A   A   A

  104                   n.s.      \< 0.001 / \<0.001   R                                           R                                                    K                                        S   A   S   T   S   S       

  SULFUR SUBUNIT        3         11                   n.s.                                        0.008 / 0.052                                        G                                        G   N   S   S   S   S   S   S

  181                   n.s.      0.109 / 0.022        V                                           V                                                    A                                        P   Y   P   H   H   T       

  188                   n.s.      0.119 / 0.022        V                                           V                                                    I                                        T   T   L   L   L   L       

  E CHAIN               5         2                    n.s.                                        0.009 / 0.999                                        V                                        V   I   V   V   V   V   V   V

  F CHAIN               5         24                   n.s.                                        \< 0.001 / \<0.001                                   K                                        K   R   P   A   P   A   P   A

  51                    n.s.      0.949 / 0.003        T                                           A                                                    A                                        A   A   A   A   A   A       

  86                    n.s.      0.025 / 0.999        F                                           F                                                    L                                        F   F   F   F   F   F       
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Positions are amino acid sites within each gene of the concatenated dataset ([Supp. II](#SD1){ref-type="supplementary-material"}).

Posterior probabilities (P.P.) of sites predicted to be subject to positive selection and ω values (both were calculated using the PAML program, [@R43]).

Significance values for the impact scores of amino acid substitutions were calculated for each *Nasonia* species using the program MAPP ([@R39]). Shaded areas indicate genes suggested by PAML analyses to have putative positively selected sites and disruptive amino acid substitutions.

The residues present at each position for each taxon are abbreviated: Ng = *Nasonia giraulti*; Nl = *Nasonia longicornis*; Nv = *Nasonia vitripennis*; Am = *Apis mellifera*; Tc = *Tribolium castaneum*; Bm = Bombyx mori; Ag = *Anopheles gambiae*; Aa = *Aedes aegypti*; Dm = *Drosophila melanogaster*.

[^1]: These authors contributed equally to this work
